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ABSTRACT 

is such that the ?qplar distribution of electrons texds to  

Egpproach isotrapy wer the upper bemisphere at the aatellite 

altitude. The flux a€' elecfrans w i t h  Ee > 4.0 keV back- 

scattered by the atmosphere is  abaat ten percent of the 

precip5tated flux. Ro events  have been fa& vhere the upflux 

- 

exceeded the dawaflur, and it is cc~~ luded  that most acceleration 



3 
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energy t o  penetnste in to  the afmospbere t o  altiindes of mer 

electrarre I s  nut h a m ,  am3 way of thelr properties have been 

studied cmly Ind i rec t ly  f r a n  coasfderetiaa of eflecte produced 

by them. with eatellife-bagae in8tn;rmeafatlaa, the fluxes can 

be l~lleasttred directly, 

In thla nute, based on such meamaremnts with the 

sate3llte InJun III, t&z follawiag przperties of these fluxes 

will be coasldered: 

!heir pitch-angle dlstributlcms, i.e., the variaticrr of 

particle flux ui5h respect to the angle (0) be- the 

particle tr8Jectcr;ry end the local. Inagm?tic field vectar 

e; 
lbei! iateasity as a f'unctian of -tic latitude, local 

time (or lagitwe), real (cxr elapsed) tine, geaapagnetic 

disturbance, and so a; 

Ihe frttctiar cb' precipitated electrons backscatter& by 

be a t x l o s ~ ;  
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(a) Their energy spectra; and 

(e) l p Z e i r a r i g i n .  

The particular problan of the specific relzti&p of 

these fluxes t o  the excitation of aurcogs is treated in a 

canpanion paper E'Brien and =lor, 1963, hereafFter 

part IT. 
~n earlier study of precipitation was made /B'Brien, 

with a single Geiger tubs on the s a t e U t e  wun I, which 

was in a high-inclimtion orbit at an altitude of about 

(950 ~f: 50) kilaneters. The satel l i te  was nut oriented, end so 

the axis of t h i s  directional detector B W M ~  at varying angles 

to  + B . !Bus occasionally it measured trapped particles, i.e., 

those particles w i t h  pitch angle a .., 90°, and occaslcmally it 

measured precipita+,ed or dumped particles, I .e ., those with 

where aD I s  the pitch angle at the satel l i te  altitude a - cxW 

of a particle which wauld mirror a t  100-km al t i tude.  For the 

above Wun I investigatims, aD - 55', The results of that 

study of relevance here were as fdllows, far electrcms with 

energy E - > 40 keV at'lOOO-Im altitude and hlgh latitudes over 

B r t h  America: 

4 

(1) 

angle 01 = 90" 2 20°, and the pitch-angle distribution was 

synmetrlc about a L 90" because e35 the electrons were -?ped 

(see Figure 4 of OtBrien, 1 W ) j  

Xn the quiescent state, most of' the electrons had a pitch 
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(2) 

include the dumping ccoe at ao, as eleetram with a 

spiralled dam the f ie ld  U s  t o  plunge into the abcwphere. 

The m e r  distributicm then became aqnmetric as dwd'lux 

Occasiatrally the pitch-e distribution v i d d  to 
L - QD 

exceeded upflux. A precise measure of the ratio of d a m f h x  to 

thousand to  one, so the caacept af any "average" values must be 

treated wtth care; 

(4) l h i s  average cnrtfltoc was so large that if (a) tbe scurce 

of alter-radiatiartizone el&traae would be stopped apd yet if 

(b) the average Glfflur w a d  continue at the same rate!, then 

the outer zone yould drain enrpty of such electrms in a few 

haurs; and 

( 5 )  very great changes occurred in tbe flux in short periods 

large in the vicinity af the aurcacal zoole. 
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In a violently ykpiable phenenon 
I 

such as electron 

precipitation in the a h  regians, it 

experimental-st t o  determine w h e t h e r  any simplifying summary can 

describe the obsemtians, even if he doesn't underatam3 why It 

one iuactioa oi ,be 

s h a d  a0 80. 

It has, therefore, scroetimes been suggested that the 

electrons trapped in the outer Van Allen belt might prorride B 

ccuveaient source of electrons t o  be precipitated into the 

atmasphere. In the  most simplified version of this suggestion 

(the lefdpbucket d e l )  the precipitated electrons would be 

simply formerly-trapped electrons whose energies were umhaqed 

but whose pitch engles were  lessened by an unspecified pertur- 

bation. Both satellite &.a., Van Allen and Un, 1960; Amoldy, 

Bogpman, and Winckler, lw and ballom E.g., Winckler, 1961; 

Andersa, 1- experiments s h d  that there must be sane 

acceleration mechanisms which increase the kinetic energy af 

electrons residing in or entering into the magnetosphere, but 

the relation of trapped electrons (as detected by Geiger tubes) 

and precipitated electrons of ccmparable energy remained unclear. 

 ran the ~ n j u n  I studies it was suggested E'Brien, 

1- "that precipitation OCCUFS principally during the 

accelemtioa process and that the precipitated particles are 

fresh particles." It was further stated: 'The outer zone 

shcruld then be regarded not as R 'leaky bucket' that o c c a s i w  



7 

spllls out particles to  cause Bur-6 but rather as a bucket 

that catches a little of' the splash fran the acceleration 

mechanism. Far want of a better phrase, it is a splash 

catcher . " 
In arder to con-tmet the tvo models quoted above, an 

extmm&y overslmpllf'ied ccmqwrison of the two is made in Table I. 

l h i s  c q a r l s o n  will be discussed in t h i s  note, and it i o  pre- 

sented in this elementary fam here simply to  establish the 

terminolqy far later use. It s h a d  also be emphasized here 

that only electrans with energy E 

and fUrthenwre that the ex&stence of an electron w i t h  energy 

below t h i s  tbreshold is not even recognized in the splash- 

catcher model ~f Table I Gee ~'~rien, I-. It is not the 

principal role of this present study t o  determine whether aa 

individual electron which is detected With E 40 keV, had 

recently an of a f e w  electron volts as a constituent of 

a stream d plasma fran the sun, or whether it wae far many 

years UP thermal energy and a resident 09 the magnetosphere 

of the earth, or even whether it was formerly a Van Allen 

belt electron with energy of say 10 keV. 

of the ixumediate past history of a precipitated electron is of 

interest, and we w i l l  discuss it here, but only after the main 

analysis of this nate. 

40 keV w i l l  be discussed, 

Clearly determiaaticm 
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As can be seen A.om Table I, a test  of the s p l ~ h - c a w  

I 

I 
i 

e h l p l l m  lea&pbucket model was ccerect, the inten8ity of 

trapped electrons instead WQUld decrease duripe a precipitation 

event. FFan Bjun I there waa an inalcatian that the first 

sltuatioa preva5led. 

t h e  af the intensity of the electruns (made) It d i f f i c u l t  to 

evaluate t h i s  effect puaatitatlvely when only one d e t e c t a  (was) 

used" /ij%rlen, lw. Clearly it was deslr6ble to m e a s u r e  

the fluxes of trapped and precipitated electrons at  the same 

phee end time. l h i s  has now been done w i t h  an array of 

"HaweveF, large f l ~ t l a r s  in space and 

Geiger tubes CQ the magrEtica3ly-ariented satellite ujua  In, 

and we will shaw in the follcn&g that the above predictlm of 

the splash-catcher model l e  ccmect for low altitudes of H e r  

loo0 bm. It will be ahawn that there is evidence for validity 

of the m a d e l  also in the eqyatarlal plene at  high altitudes. 

It is emphasized that the piupose of farmulating such a model is 

siplply t o  facilitate dlscusalon. The full valldlty and 3nxplICa- 

t ians of the model must be imrestlgated separately in detail. 

Bo attempt is made in this note t o  set up ar discuss theories to 

eqJ3.aI.n the obsemed *en-. 

we draw particular attentlm t o  the fact that particle 

fluxes plotted in every figure in this  note are always plottea 
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ca a lagaritlanlc scale. Generally the intensity ranges over a 

factor af o m  thoueand or mare, ard sQpetimes Over a factor of 

a million or mare. This variability, which is real, should be 

borne I n m i n d  thrcmghmt this study. 



The satellite Injun III was launched on December 13, 

1% into an orbit with apagee altitude 2785 kilometers, perigee 

altitude 237 ki%aneters, inclination 70.4' end period 116 minutes. 

The satellite 1s descri&d In detail by O'Brien, Iaughlin, ard 

Gurnett hereafter c u e d  p~u'f I. ~hree features ~f the 

\ 

satellite are of particular relevaace t o  this note. 

(1) Its array CYf Geiger tubes; 

(2) Its magnetic arientatian; and 

(3) me high temporal resolutiop? aP its te lemet ry  and 
data--* SY3te .n~ .  

Relevant characteristics of the three directional Geiger 

tubes of interest here are listed in Table 11 (ccrurtesy L. Frank 

and J. Cr~ven). 

are shown in Mgure 1, which also illustrates the usefulness of 

The relative orientations of these detectors 

the -tic orientation of the satellite. Briefly, the three 

oriented detectors permit study of electron fluxes which are 

trapped or precipitated, or a mixture of both. If the pitch 

angle (a) between a particle trajectory and the local geanagnetic 

vector B is a - go", then the particle is mirroring at the -+ 
satellite altitude and it is genezm3.l~ d d  t o  be trapped, 

If by contrast a - 0' then the (precipitated) particle will 

pluage straight into the atmosphere where it w i l l  experience 
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Ccrulaub scatter- a& eneqy loss and most likely be abmcbal. 

lhere I s  a raqp of w e 8  0' 5 a 5 % which define8 a loss 

cop18 such 

clpitatea 

this nute 

&itelllte 

that any pmticle within It is jUaged t o  be pre- 
i 

am3 gemmlly.lost f r a m  tbe trapp- regions. 

as wore /b"en, lw the value 

a3tltude is the pitch angle of a particle that will 

In 

a,, at the 

tend to mlrrao. at 100 Inn. The value % can be dete- at a 

field strength B fram the invariant relation 

sln2 QD P 1 
%oo kIU B 

The 

and 

-sOfargand 

other parameters 

The sampling Oi the Gieger-counter rates and the selection 

crf data 8re discussed in w i x  11. Evidence for the experl- 

meatal validity of the results, including discussiuu of the 

eacclueion of noisy data fram extranely variable p m ,  I s  

presented InAppendlr In. 
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Ibe leakpbucket model and the splash-catcher model were  

c m  in Table I, mere it was shown that a sbple t e s t  of 

the two models would be a xueaeurapcnt of the intensity of 

elect- trapped on the f i e l d  line through an aurora. If the 

lealry-bucket m o d e l  is valid, then the flux of trapped electrons 

should decrealse as they empty aut of the radiation zone and cause 

the aurora. If the splash-catcher model i a  valid,  then since the 

flux of precipitated electrons must increase t o  cause the 

aurora, so should the flux ob trapped particles increase. 

It w i l l  be useful for subsequent discussion t o  shaw here 

imnealately that the second situation prev&%ls, thus ValidstiDg 

the splash-catcher model at InJun 111 alt i tudee.  

Ihe photanetere on fnjutl 111 can deteat an aurora at 

the base of the field 1- which guides pewticles betec- at the 

iafellite altitude. A discussian of the auraral obscarvatim is 

given elsewhere ia this set of papers &laten 

I-. &re 8 single example an auroral obserration IS u d ,  

~aylorr, 

~n F-QUE 2 are plotted the fluxes of (1) electrons w i t h  

a = 9"; (2) electraw w i t h  a = 50"; and (3) light in  the 

spectral regia around 3914 A, for a n o r t h b m  passage of the 

satellite at night over North America. 

0 

A t  la? values of L, 



greater than the flux of thoee at a .Y 50" .  meed, most af the 

e1ec-s meamred by Detector 4 at law values of L in this pass 

were trapped. 

catpletely inside the d & h g  cone (see 4penclix I), When the 

at L I was the viewiog cane of Detector 4 

sate l l i te  reached auroral latitudes, it m e a d  a very large 

increase in the flux of precipitated electrons, i .e ., of those 

Kith a - 50°, and at the sane locatim the intensity of 3914 A 
0 

light incmased greatly as t h s e  and other precipi*.ated particles 

Simultaoeausly the intensity of trapped eleatrms with 

a = 9" increased greatly (see pre~.lre 2) t o  a flux essentiaXLy 

the same RS that of the precipitated electrms. This observation, 

and msny athers l ike  it detected by Wun X I 1  Gee O'Brien 
and Taylor, lm thus validates the splash-catcher model in i t s  

camparison with the ledsy-bucket model. 

the extent of the validity of sane of the extreme overslmplifica- 

tians in  this splash-catcher model. 

 ha^ been validated here only at  mun 111 altitudes of order 

lo00 k i l o n e t e r s .  "his does not imprY that it i s  still valid 

We may ncsw iwestigak 

Note in particular that it 

far particles w i t h  a, - 9'. In order t o  test it for such 

particles, data frau high-altitude satellites which travel ~ B F  

the equataslal plane mast be used. 

Clearly for an ideal test of the splash-catcher at high 

alt5t;Udes ane shatld have a satellite measuring directicxlal 
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fluxes in the equatorhl plane, ccunpariag the flux w i t h  an equa- 

torial pitch angle a. - 0' and that with a. .Y 90'. !IUS has not 

yet been done (see l $ p d i X  I) 

precipitated electrons measured by Wun III at l a w  altitudes in 

So in  this note, we cmeider 
, 

1963, end cuqare them w i t h  trapped electrcm measured by 

Explorer X I 1  at high altitudes In the equatorial plane in 196l. 

The two sets of mearruresnents can therefore be canpared only cm 

a statistical basis, and the planetary magnetic Index Kp at the 

time of each meamrement:'is taken as a parameter governing the 

behavim of each. 

Fran InJun I11 data af Deceznber 1962 through Feb- 

1963, the maxinman flm cd' e l e c w  with Ee 2 40 keV 

precipitated each high-latitude pass I s  plotted in 

Figure 3A against the value of K at the t h e  af the pass. 

Each flux was avenged over 8 secands (or - 50 km of' eatel l ih.  
P 

Wectary)  in doder to anoath aver ertremely brief fluxes. 

 ram worer  XII pasaes i n  lW., beman fmnd 

the maxkmrm countin& rate of a given detector on each equatcmlal 

pass thrcnqh the outer zone, and platted it against  'sp at the time 

(prcrUre 3B) .  The plotted c a n t i n g  rates are averages m r  many 

spins, end hence are roughly antl%dlrectionsl i n t e n s i t b e ,  

dcminated by locally-trapped particles with a. - 90" &e 

Rosser, O'Brien, Van Allen, Iaughlin, and Frank, lw. The 



detectar measures electrons With Ee - (50 ~f: 10) IteV, In the 

outer zczs thee danlxmte the spectrum w i t h  Ee 2 40 keV, 
esgupces yI and 3B show that the flux d? precipitstea 

a n d c l k f t f a p p e a e l e ~ b c r t h ~ v i t h ~ .  Itisalso 

a m ,  even w l t h  cmiderable scatter crf the data, tkt the 

flux Cg precipitated electrons more with increase of 

I$ than does the flux of tho= trapped at higa altitudes. If 

we 8Smme that bath tbe Increases are due to a c-cm acceleration 

nzechanian, then we can ccaclae that the acceleration mechanism 

acts p-erentially 

effect at larger angles t o  Po l h i s  is, e coulpGe, tbe predictiaa 

UP the I5oael p B r i e n ,  l g q o  

to E’? but with a fwte w lesser 

!the validation csf the spU&-catcher in the equatorial plene 

depends aa. the assumption that the maximum spin-averaged flux in 

the equatorial plane and the Inaximm precipitated flux would be 

seen on the smke lmgnetic field line if s i m u l ~ a u s  observatlans 

were made. Ckxr  present imperfect knowledge of the locus of the 

field l inea (or guiding c a t e r s )  at large values 09 L l a  can- 

sistent w i t h  this assamxption far the above statistical cuqparlsa~, 

but tbe asslmptioa cepnot be proved. It is conceivable that the 

results of‘ Figures 

to asmane that they have a c a m m  cause and together with II@II III 

results as In MguFe 2 this would imply that the splash-catcher 

model l a  valid tbrmgh the whale of the arter zme. 

and p bve diFferent causes. It 18 simpler 
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It was found with Injun I that electrons with 

E 0 > 40 keV are precipitated, and also that sane precipitated 

electrons are backscattered by the ahosphere E'Brien, lw. 
However, with only a single, slowly-spimbg detector on 

Injun I sampllng hlghly-variable fluxes it was not possible 

to  m e a m  accurately the ra t io  of'backscattered electraas t o  

precipitated electrons. Such a measurement has now been made 

w i t h  the array of detectors on Wun 111. 

We define the reflection coefficient (%) at a given 

pitch angle a (where a - 1. 90") as the rat io  between the 

directional flux of particles caninp upwards from the earth a t  

a given angle t o  T;) 

wards a t  the same angle. 

d i r e c t i o n a l  flux at (I&' - a) to the directional flux a t  (a). 

Clearly 

the directional flux t rave l lh8  dam- 

In effect, €& is  the rat io  of the 

E 
= 1 when a = 90" when the Alfven apprapclmatian holds. 

._ 
In order t o  determine what proportion of dumped particles is 

actually absorbed In the atmosphere, R must be evaluated mer 

the range a = 90" througha = aD t o  a = 0'. 

Hemisphere data are discussed here. 

the same discussion applies if the supplements of a l l  angles 

(Only poorthern 

In the Southern -sphere 

are used.) 

Such an evaluation can be made theoretically, but it Is 

8 ccmplex problem because of the electron gyratian a r d  e, 



the ncpcradial direction of + B except over the poles, the 

dependence a0 the apguLer dlstributiar of the dawnflux and so 

OBI. (We indebted t o  I z r m  Fm Mow ard Ilr. D, gUiatt faP: 

valuable discussions od this theoretical evaluatlan.) Bar the 

present purpaees, we s i n p l y  make a relatively crude experimeatat 

me-t . 
Scum after separatiaa tbe satellite spun w i t h  such a large 

amplitude that a.l l  detectors swung mer a wide range of a. Ihe 

parameter Ra can be measured a c m t e l y  at a 4 a], m l y  vhen 

intense fluxes of electrcae are be- precipitate6, and it I s  

at just such timss and places tbat the electran fluxes vary so 

rapidly. Tberefare bath 2 (a) atd j (180' - a) must be 

xmmared at the - time and the same place so as t o  find %. 
l h i s  has been daw using Detectors 1 and 7 an Injun III. 

Detector 1, a thin-windaved Geiger C a m t e r ,  points in one 

direction, and the differential l  spectraneter channel Detector 7 

polnts in the apposite directian. Frau the early period of 

sphning and tumbl3q of the satellife, occasions were chosen 

when there were Intense fluxes af precipitated electrons at 

high latitudes, a1~3 when the above detectors were spiMb& 

rapidly thraugh a wide r a g e  of a, 

f'ran the flux-gate nwmptuneter whose axis is parallel to those 

of the above detectws. TYXJ -tic dip was 

wery e=wle chosen for t h i s  analysis; 

The value of a is determbed 

than 70" in 



Detectors 1 end 7 are not Identical, so that  €& camat be 

obtained irnmedlately f rcm their respective counting rates. Em- 

ever, in a given pass aud a given spin we can obtain their 

respective counting rates when they view the same flux a t  

a = 9" (when 

uf Detector 1 t o  that of Detector 7 is X when a = 90". W n  

= 1). flrppo~e the ra t io  e the counting rate 

suppose that the ratio a t  anather value ob a with Detector 1 

pointlIq up) l a  Y at a =I al, aay. ThenR O*al ' f*  x I I h e  

resultant plot fram many spins an six passes is shown i n  

Flgure 4. 'Ithe data were taken f r a n  differing locatims so that 

aDvaried as sham. 

The above treatment implicitly assuues that the different 

energy response of Detectors 1 and 7 is unImp0;rtant. !be fluxes 

studied were those in which Detectors 7 and 8 and ather electron 

detectoas shared that most of the electrons measured by Btector 1 

had energies aramd 40 t o  50 kev, esd hence were measured 

equaUy well by Detectors 1 snd 7. 

a few counts registered by Detector 8, whfch views the same 

directiczn as Detector 7 but which responds t o  electrons w t t h  

energy ~ ; r c ~ ; ~ d  90 keVEee ~'~rien, ~ ~ u g ~ ~ i n ,  

In such ewmr>les, the reflection coefPicient for these 

- 90 keV electrons was usually slightly less than that af the 

In most casea, W were 

mtt, I-. 

eleCtrcmS w i t h  m g y  - 50 keV, but tbe Poi~~anian -8 

~ S S O C ~ ~ &  with the s m a ~  counting r a t e s  of &-tar 8  ere 
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relatively large, aad the data are nut regarded as sufoiclently 

definit ive to be plotted here. 2bey do &ou, harever, fhst 

90 keV eleelaxxu3 hsve a finite I r e f l e c f i o ~  coeificient c-le 

with that of 50 kev electmns, and hence they (fustifp the use 

made here of an infegral meamreme& (by Detector 1) and a 

d i f f e r e n t i a l  msurement (by Detector 7) In order t o  find 8 

reflection coefficient far typical outer-zone electram with 

E > 49 lte'i. - 
k d-t faL& measuremest at F& was made vhen 80 

htense ard brief pirecipitatlcm event occurred while Detector 1 

was pOintea dawn V i a  a = 170" electrons and ktectcr 4, a 
detector, viewed a P 130" and hence trap@ pastlcles at 

this loeation. Frm discussIan which u3l.l follow, it be seen 

that in such precipitatian events the flux of trapped electruns 

I s  abaxt the 88me as the flux of precipitated electrms. W e  

in this case, Detzctar 1 measured upnu, amti btectar 4 may be 

talren 88 damflux. The resultant n l u e  c& Ra plutted 

in pieure 4 is in good a@xement with that obtained f r a n  

Detectam 1 and 7. 

We canclude fran Figure 4 that over the d i d ~ p i n g  ccme at 

hQh latiades, the flux of backscattered electrous with 

E 5 b k e V  is abart ten percent af the f lux  of precipitated 

electram w i t h  E > 40 keV. This value, vhich i g m r e s  dependence 

aP I& on energy and pitch w e ,  I s  reliable to a fact= of better 

- 
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than two, which is Bufficlent for our purpose. 

valuable t o  have e more accurate meaeul"ement, made preferably 

with identical energy-dhcrhinatlng detectors with narruu 

(s 5" In diameter) f i e l d s  of' view. 

It would be 

Note that in the sixteen measurements d e  in the dww 

or loss cone and plotted in F i w e  4, Ra is always lees than me. 

This I s  In contrast ao the rocket obsemtiou by McMarmid, 

Rose, and Budzinskl of' > 1, and it shows that such 

cases are rare. 

such as menticaned above would enable one t o  decide haw often 

angular distributions with Ra > 1 occurr 

Mare measurements of Ra with special instruments 

This determination of the reflection coefficient I s  of 

relevance in studying conjugate-point phenomena, if it can be 

shown that the beckscattered electrons w l l l  be able t o  travel t o  

the opposite hemisphere. This requires that the local magnetic- 

field line be s@ficiently well-ordered t o  act as a guiding 

center. It will be ShOM below that on a t  least same occasions 

t h i s  requirement is satisfied. 

electron can travel back up the field line without being 

essentially stopped by the acceleration mechnniam. 

associated problems are discussed below. 

It also requires that a rC0-h~ 

This and 



varled smoofhly w i t h  t h e  or place. A t  -her values of L, 

hamver, in auroral regions, the ccaant2ng rates 09 the 

Uetectms would sanetimes change gre8t.I~ in a few s e c d s .  

A shart segpaeat of data f'ran such au occaslcm is  shown in 

pig\rre 5 ,  where each detector was sampled about farr times each 

seccmd. It is clear fran t h i s  figure that when Detector 5 

exhibits a marked increase in caurtlng rate, so does 

ktectar 4 and so does Detector 1. 

when such exmnples are aampld at higher rates, t h i s  

qualitative behavior I s  still apparent. This is sham In 

pigure 6, in which the sampliryg rate was sixteen times each 

secard 

I .  

Fran a pass af' InJun III thrcagh the auroral re@cms, 

many eranrples UP such synchmmous changes in these ccrunting rates 

can usually be obarrped. Far canvenlence of' subsequent dis-  

cusslm, any such event v i l l  be ca l led  a 'lsplesh'l. As here 

defined, a splash is an event which is detected by not- 

that Detector 5 bas measured a brief enhancement, and confirmed , 
\ 



24 

by noting that the other detectors measured an enhanc-t at  

the same time. 

Detector 4 first. The significance of th i s  is discussed bel-. 

It is not defined by exemin- Detector 1 or - 
Because the changes in counting rate in a splash event 

are synchronaus, it may be assumed tbat they have a camon cause. 

On the above asmnption that the increments of fluxes 

seen by three detectars have R common cause, and because the 

precipitated particles mlist harre been generated very recently 

and could not have been trapped - i t &  the SEW enezgy and the eame 

pitch &?l, tie will c a U  each incremen3 of flux at each pitch 

angle "f'resh" particles. By t h i s  it is implied that the 

particles in  each iEzremeot did not formerly exist a t  that pitch 

angle with tht energy. 

particle flux was (as usual) a rnmotcnical3.y-decreasu value 

It is important t o  mte that if the old 

with increasing esergy above - Y) keV, then a mechanism which 

adds an increnent of energy without chaogirr the pitch angle c$ 

each particle w i l l  give an increase i n  the flux of electrons 

with Ee - > 40 k V .  

also lead to "fresh" particles, and these are considered below. 

V a r i o u  other conceivable effects could 
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An interesting problem is t o  de- whether 

can possibly occur an a field line which is the guiding center 

far a precipitatlan event. dkv the precipitation could be 

caused by acceleration over part or all of the f i e l d  line. 

it occurred over all of a field line then every electron 

sp- eraund that field line must have encountered the 

acceleraticm mechanism. On the other hand, if it occurred 

Over a par t  of the field line for a t h e  shorter than the bounce 

period of trapped electrons, then many of the latter would be 

canpletely unaffected by it. Because the Geiger-tube counts 

are acc-ted for - me quarter (or - me sixteenth) of a 

second, which are t h s  shorter than the bounce periods, it 

is possible that they do not give a representative sample of 

the particle population along the entire length of a line of 

force. 

is indepmdent of any such effects. 

If 

It appears t o  us, however, that the fdlowlng treatmenf 

*re are several numerical values of relevance here 

Eee Vaa Allen, lN3, far general discussion of periodic motions 

of trapped part ic leg.  A t  I, - 4 and - 1OOO-ian altitude, an 

electron w i t h  50 keV klnetic energy will bounce to-and-fko in 

latitude in  abaut 1 second, aod w i l l  d r i f t  in longitude so that 

each successive mirro~ point in a given hemisphere (say) is  
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about 2 km t o  the east of the previous m i r r o r  point. Sampling 

times of the detectors range FMn about cme-sixtee&th t o  cae- 

quarter of' a s e c d  here. The satellite r u m s  a t  a speed of' 

abaut 8 Irm/sec near perigee and - 6 ImJsec near apolgee. l%e 

cyclotron radius of gyration avereges abaut 20 meters mr the 

range of observatian here. 

We determine whether trapping and precipitation are 

possible au the same field l ine  a t  the same time by ccmparlng the 

behavlor of I--energy (Ee - 40 keV) electrons with that o f  hisab. 

epergy <E, 2 1 WV) e l e c t m s  a t  the 8ame time and place. 

Iugh..energy electrons are present In large fluxes around 

L - 3.5 t o  4 Gee -in, Fritz, and Stilweu, lw 

splashes were observed in that region while Injun I11 was 

spinning socn after separation, and also at later times when It 

was oriented. 

many 

detectors which measure high-energy electrons are used 

here. The first, Detector 3, measures electrons w i t h  energy 
> E .., 250 keV mer the same conical field of' view as does 

Detector 1. The second, Detector 6, i s  an cxnnidirectional 

detector which  most efficiently detects penetrating electrcms 

with energy E - 1.5 MeV, It also respands t o  bremsetrahlung 

frvrm lwer-energy electrons, but f run  the other InJm XI1 

detectars It can be sham that the bremsstrahlung contrXbution 

was negligible in the CBFW studied here, 

> 



Two splashes a two passes a m  used here. In the first, 

Ilefectors 1 aad 3 pointed into the dumping c m .  

after the splash (which occurred over about o m  se~aad in t h e  

cc seven ldluneters in distance) they defected an el- beam 

in which 

Befare ard 

j(E - > 40 keV)  9 (3.6 - + 0.2) x lo5 particles cmo2 sec-' sterad-' 

J(E 2 2 5 0  keV) - (6.3 - + 0.2) x l$ particles cmo2 seeo1 sterad-'. 

the splash, these detectors faund 

j(S 2 40 keV) - (14.3+ - 0.1) x 12 particles cmo2 8ec-l eteradol 

j ( E  !! 250 keV) - (U ,+ 1 ) x l$ parthles wo2 8ec.l I)teradol 

where the errors in each case are Poissaplian standard deviatians 

derived f r a n  the rtuaber of counts registered. 

accuracy of each measure ard the variatiar of nux within a 

splash are nut af importance here where cmly relative 

are cansidered. 

!tlh absolute 

lhus the splash produced a fourfold increase in the flux 

of electrmns with E ,> 40 keV, a& raughlydoubled the flux of 

electrum with E > 250 keV. - 
Yet befare, during, sl3d Sfter the splash the flux Or high- 

energy (E * 1.5 MeV) electrons measured by Detectar 6 did not 

change by mape than ten percent, and the rdaonting rates are 

caneistent w i t h  no cbFIllge at a l l .  

fluxes, we assum that Detector 6 measured electram with 

In d e r  to present the 
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E - > 2 MeV w l t h  unity efficiency. lbeD before and atter the 

eplaSh 

-1 J (E 2 2 MeV) = (120 - + 6) particles cmo2 sec 

J (E 2 MeV) I: (120 - + 1O)particles cm-2 seeo1. 

Iherefure, it appears valid to state that the high-energy 

(E 2 1.5 MeV) electrorrs were still trapped a& unperturbed on 

the same field line an whlch particles were being accelerated. 

Ibe cauplete to-and-f’ro bounce time of  such particlee at this 

locatim was about 0.5 seconds, and the splash lasted fur 

twice this tlme. 

a another Sphsh, 8 6- -8iS s h m d  8 --fold 

irtcreaee in the precipitated flux of electrons with E - > 40 keV, 

but less than a twenty percent change and pos6ibly no chaqe, in 

the flux 09 electrons w i t h  E - > 250 keV and with E 2 1.5 MeV. 

A number of ather examples have also been studied, errad i n  no 

case has a statistically-sIgtU3cant chenge in the annidirectianal 

flux of electroas with E 2 1.5 MeV occuqed when a splctsh 

occurred. mrthernlore, with Detector 20 Injun I11 we C8.n 

also show in each event that the d i r e c t i d  intensity of 

electrons with Ee 2 1.3 MeV trapped at Injun altitudes did 

not change In the splashes studidl. meed, we have not yet 

observed with Injun I11 what might be called a splash ab 8uch 



high-energy electxm?. (Qe mey have been detect& by us with 

-1- VII aver 8 visible - an &member 28,1959.) 

l h i s  buplles that (Ee 1 MeV) 

electrons ambe trapped and UrrpeTtUrbed cm a field line alag 

which freah electraas B F ~  being precipitated with w e s  

Ee 3 40 kV. Clearly t h i s  f'indiog must be s w c a n t  i n  

mUtiaa8 ab& the aCCd.mt$m CsUs- 

precipitatiaa. Because th i s  is the first Occasicm on which 

this problem has been resolved we cansider the iaqiucatians 

brief ly  m, 'Ibe discussion applies arrly to  the regiaa 
4 L * 5 ,  Which IS the regia in which hi&-- 

> - 1 MeV) ele!ctrcms are present in large fluxes. (Ee 

Sane qualltstive tbearies eyggest fbat precipitation 

is  iniflated by the infroduction of a 'blob' af plasma into a 

-tic tube of force, whereupool space-charge effects aad 

ilriftlng m e a  can proceed to aFfect prmriausly-trapped 

(van Allen) particles E.&, see chamberlain, 196lig. I[f it 

1s Wsrrmed fhat BIzch 8 blob W a l l . d  I?eSUlt in the canplete 106s 

of trapped high-energy (Ee - 1 MeV) particles in its imnediate 

vicinity withart producing a canpensating flux of 'fresh' similar 

particles, then t& fluxes of these particles can be used a8 

a probe of the spatial and tempmal characteristics of the blob, 

efnce they bounce to and fro aloag the tube. We ahawed &om! 

that there was less than a ten percent w e  in the directlcmal 



or anrridirectiaaal fluxes of high-energy (Ee .Y 1 MeV) trapped 

electrons in the mids t  Of such precipitation, 

above working hypothesis, fewer than ten percent of the high- 

energy electraw in the tube of force wacild have been exposed 

t o  the blob. But they bounce f'ran one hemisphere to  the 

other in only 0.25 seconds, while precipitation persisted for 

several seconds i n  the Samples studied. So (if we drift 

i n  longitude) the high-energy electrons must have passed 

thraugh the blob sane ten times, yet fewer than t en  percent 

(and perhaps la~pe) were lost. 

a blob initiated the splash, it must have had such characteristics 

as t o  have introduced negligible distortion of the magnetic f i e l d  

lines actiag as guiding centers of the  high-energy electrons. 

We do not understand huw a bld, could have been introduced in 

the first place without such a distortion occurring, 

negligible perturbation of high-energy trapped electrons must 

be explained by any theories of precipitation, 

So, on the 

It appears, therefare, that if  

This 

It has been suggested very often that precipitation may 

result dmply fram lawering af mirror points of previously- 

trapped particles without a change in the i r  energy. 

this is  whst was formerly meant by "dumping" trapped particles. 

Most of the mechanics proposed t o  larer the altitude of mirror 

points have assumed that the particle motion is such as t o  

endeavor t o  conserve the invariants @?e van men, l g q  

Indeed, 



in a distarted geaaagnetic field. For exmple, suppose that the 

meeptetic mcment I s  cansened and tbat the scalar nragrretic field 

e v e r y u k ~ ~ ?  alaag fhe guidltg center is decreased. Thep the 

particles fapmerly mirrarw et B = 5 say, w i l l  s t l l l  fend 

to mirrap: there, even if % I s  m u  deep in tbe atamphere. 

~n anather treatment, Vest-  fTw casidex-ei~ the geansgaetic 

f i e l d  distarted by the solar wind, az~3 particles farmerly 

trapped so that they m i r r o r e d  just above the appreciable 

atmosphem on the daytime side of the earth. 

m a n e n t  invariant was conserved, then they w o u l d  s t i l l  mfrrar at 

the same field etreq3th 5, 
earth, 5 is farrd at lmer altitudes if the latitude is lower. 

If the Integraz Invariant & their motion was coasenred, thea 

they would tend to  mifior at law- latitudes an the nightside 

than 00 the dayside. Hence, according t o  t h i s  treahent trapped 

particles mirroaiag just above the afmarphere on the daytime 

side will be dumped in the a- when they d r l f t  in 

loagitude to nighttime side’. several obsexvations E m ,  

If the magnetic 

and in the dipole field of tbe 

venkatesen, end McIlwain, 1m; paulikas ard Fred=, 1- 

indicate that particlee - trapped at a given location which 

w i l l  m i r n x  in the atmosphere when they dri f t  in lat@Zuie 

in the -=bed but =-cen;tered dipole g w t i C  

f i e l d  . 



Our results above show that the observed precipitation 

or splash I s  nat ,a simple laverin(?; of' mirror points of all 

particles aa. a given f i e ld  line. Instead, it is an energy- 

dependent process, having a great effect on electraw with 

Ee - 40 keV but a negligible effect an electrons with 

2 lWV, Ee 
It I s  interesting t o  note here t h a t  there is other evidence 

that outer-zone electrons with Ee - 50 keV behave dlfferently 

fran electrclls with Ee 2 1 MeV. For example, the flux of the 

lower-energy electraas increases during the main phase of a 

magnetic storm E e e  Freeman, lw, while the f1u of the 

higher-energy electrons decreases at first, and then increases 

a day or so later Eee Rn, Meyer, and Simpsaa, 1960; Farley 

and Sanders, 1962; also McIlwain, l g q .  

spectral slope of electrons trapped in the outer zone during 

quiescent carditions appears t o  be relatively f lat  for energies 

belaw a few hundred keP, but relatively steep above such 

energies cm Roseer e t  al., l g q .  

precipitation and acceleration of low-energy ( - 50 k e V )  electrons 

are caused mostly by electric fields of sane tens of kflavolts 

while the Intensity changes in the higher-energy ( - 1 MeV) 

electrons are caused mainly by gross changes In  the magnetic 

field with betatron acceleration or decelersfim E.8., See 

Coleman, 1962; McXlwain, 1- which, with a steeply-falling 

lhrthermm, the 

One m i g h t  speculate that 
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energy spectrum, c8p result in great chul@H in tbe flux or 

electram aF a given Urge ( -MeV) e-. It shaald be 

enqhasized that such speculat%ms remain, at present, aply 

speculatioss. 

In the above treatment, It was seen that fluxes of 

trapped electraw w i t h  Ee 2 40 keV are nzodifled during 

precipitation events. Row t h i s  modification i s  exBmiped In  

detai l ,  buth in specific -1es of splashes and in 

8btkbkd w e 6  & ~pl86heS. The of t h i s  treafment 

Is t o  8- t o  arrive at a c a m c ~  deeci iptha of the pbnanem. 
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Memaamments of electrons with Ee l.a 40 keV an a - 
typical high-latitude (L - 7) pass are sham b Figure 7. 

!be altitude of this pass w8s only abaut 250 kilaneters, BO 

that the trapped electrons were mirroring at almost as law as 

altitude a8 they can reach without a high probability of 

suf'f'ering Coulamb scattering in a few bounces. '122eir 

Southern Hemisphere m i r r o r  points in this case were w e l l  abwe 

500 km, 

Throughout the thir ty  secoDlds of data shown, the flux 

of precipitated electrons increased by a factor of me hundred 

thrice and by lesser but s t i l l  signif'icant amounts several times. 

By cantrast, the flux of trepped electrons remained constant t o  

within a factar of two. There were five statistically- 

significant increases in the trapped flux at the times of large 

precipitation, but the other variations in the flux at Qc - 90" 
are not statistically 6 i g n i f i C a t A t  , 

reference t o  the geanetric factors listed in Table I. 

that the telemetered numbers are the accumulated counts pre- 

(This can be verified by 

Note 

scaled by eight and the resultant discreteness of plotted data 

also increases the  apparent changes in ~ i g u ~ e  7.) 

In order t o  discuss these data more w, 
distributions derived fram measurements A and B i n  FI@Fwre 7 
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areshawninMgurp8. shcMnintbesameFigure8lstheangular 

disttrlbuttaa obtained by subtmctipg tbe flux at A fran the f lux  

at B. &&e that with equal valiaity o ~ p e  rdght subtract (Snstead 

of A) the flux just after the precipltatioa event B ends. 

that was dane tbe flux of "fresh" particles at a = 90" sharn in 

Figure 8 d be (2.7 E lo4) instead oi (3.3 x lg4) particles 

If 

, and heme the aqgular distribution of fresh cm -2 *&l sterad-l 

particles would heve even a deeper mSn2num at a = 9" than i e  

sketched. A sim?la? enalysis cculd be made of any of the &her 

"splashes" in FQgne 7. 

s\mmariee can be made: 

Fran such analyses the 

~lmrmary (al: III a precipitation event the precipitation 
> - 40 keV tends to is  such that the flux of elect- Vith Ee 

approach isotropy over the upper hemisphere ( w i t h i r .  the crude 

angular resolutim of the three! detectors). 

Sunmx?y (bl: The increment cf the flux (i.e.,  the flux of 

"fresh" elec"c;rons as defined &me) rcughly paral?-el to  the local 

magnetic iector 9)  is pea- than that at right angles to 9. 

applicable gemrally to precipitation events or splashes. Fran 

about f i f iy  oriented passes over FIorth America early in 1963, 

many splashes were found by visual scanning of the cmtiag  rate 

of Detector 5. Most af the data was acquired at L 5 because 

most splashes occur there, but there was no deliberate selection 
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of data w i t h  reference t o  L, alt i tude,  local t i m e ,  or geo- 

magnetic activity. The data are therefore as randun a sample 

of precipitation as one (tan obtain with a satel l i te  in a fixed 

orbit, Splashes of only a few seconds duration or less were 

chosen so that "increments" of fluxes or fluxes af 'Ykesh" 

particles CCIuld be estimated in the same way as in Figure 8 frm 

lFigure 7. 
In  Eigures 9 through 14 scatter diagrams are presented 

of both the tu t a l  fluxes and the increments of fluxes in these 

splashes. 

or summary (a) above. Figure 10 il lustrates that the increment 

of flux OF the flux of' "fresh" electrons is greater near 

a - 0" than a t  a - go, ar surrunary (b) above. 

Figure 9 illustrates the tendency towards isotropy 

Furthermore, Figures 11 and l.2 ehow that the same 

summaries are m i d  even if data fran Detectors 1 and 4 (viewing 

cr: - 90" ard a - 50") are compared. 

slgnificant because a "6plash" w m  defined above by reference 

t o  another Instrument, Detector 5 eewing a - O", and hence 

the selectim of events was independent of the results of 

Detectma 1 and 4. For canparison, Figure 13 shows the relative 

fluxes measured by Detectors 1 and 4 not during splashes but 

during the period socm after launch when the satel l i te  was 

spinning and tumbling and when the two detectCXe viewed the same 

value of a. 

This is particularly 

Mgure 13, therefore, provides a measure of con- 
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fidence in the csllbratlan of' the relative geauqnetic factors 

of Iletectors 1 and 4, and it slso shars the scatter of calpar8- 

tive flux mea-ts by the tm detectors (see calibratlopl 

dlscLaes~oas In Appendix 111). 

Finally, in Figure 14 the incremenfs of fluxes at 

a -50" end a -0' are canpared. It IS seep a t  opten the 

iacremepts are about the same, but that the increment at 

a! - W 0  is mare often the greater than it is the smaller. %his 

was also the case in the sipgle event ardysdd In Figures 7 

and 8, ala- there it wa8 early just sl@.ficant, Fkan thls 

result, we can derive enother sMnnarizlng statemeat, viz. : 

Sumnary (cl: DuriDg a splash the angular distribution 

tends t o  widen Over the upper hemisphere, and continues t o  widen 

unt i l  it I s  flat, i.e., until the distribution is isotropic over 

the upper aemisphere. 

These three srmmary stataneats describe the phencmeaol<rgy 

of a "splash" without regard t o  i ts  cause, The processes that 

might cause a splash are discussed below, after the general 

Characteristics of precipitation are discussed With respect to 

its dependence on L, local tlme, and other significant p6rame-s. 

 he rocket observatians a m ~ s  et a. &- ~ 9 d  

McDhrmid e t  al. E9q established that fluxes af electraols 

tended towards isotropy at the relatively-law altitudes uf - 120 t o  - 150 kilaneters. It may also be noted that rrtum;aerllaIn 



&I,, states that an isutrOpic distribution is  "to be eypected 

for particles propelled toward the atmosphere f r a n  an inJect1a-i 

s a m e  or center of acceleration located far above the atmoaplx!re." 

In hie trsafmrent, he assumes (a) an initial isafropic distrlbu- 

tian of fresh particles (b) coaservlng the -tic munent  

invariant end then memu traces the- trajectaries d a m  k) 
to the atslospbare. Clear4, cur observations of isutropy are 

neces6a.q for the v a l i d i t y  of (a) and (b) bu5 it i s  not at a l l  

clear that they are sufficient to  establish tbeir validity. 

Pre fmgular distributioa in preclpitatlm widens out In 

precipitatiasl from the usual narrow distribution OC t r ~ ~ p e d  

particles (see apmrary (c) above). An alternative ccmceivable 

poseibfflty wauld be f o r  fresh particles to arrive very strongly 

peeked parallel to the f i e l d  line, so that the total angular 

dietributian of "fresh" plus old trapped particles would have a 

nmxinmn at a - o O ,  mother marinnrm at a - w", and a minimuD 

between. m s  w o r d  possl.billty dces n0t occur, so that 

SpparentlY the "fresh" and the trapped electrons are -4 cb6ely 

related, and we deduce f ran this that the Increment 09 tragped 

electraas end perhaps all the electrons at a 

given emrgy 8pc "Sh" io the sense that before precipitation 

90" w i t h  a 

Occurred these Very 68me electrons did not exist with the same 

pitch an@B end energy. 
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1 
The feaths of electma precipitation are nar pr?senteJ 

ror two purposes: First, SO that they  me(^ be used ia graxnd- 

based sttrdies of the icmmpheric pbencmena which they cause; 

and second, so that it m y  be clear what features any acceptable 

theory d the acceleration mechanism ( 8 )  must explain. Many of 

the features presented here are well-knam already fran studies 

WLW x-ray dekctors on balloons E . g . ,  Anderson, 1960; pfotzer, 

E b e r t ,  E&e, &ppl5r, E a t q v i s t ,  and orher, 1962; Winckler, 

1%; uincaer, Bhavsar, and Anderson, 1962; Exown, Anderson, 

Anger, and Eoans, lw, a& h.oa;: very many ground-based 

Observations E.g., Baser, 1- as w e l l  as *an previous 

satellite s-ies /iStmien, Rvertheless, they are 

grouped here so 8s to provide a cmvenient summary. 

characteristic w 2 l l  be illustrated by a figure f r o a n  Injm III 

Each 

data. Such figures shcruld not be regamled as typical, but 

=rely as illustrative. All the trealaent of this secticm wiU 

be a descriptive catalogue. Discussion of the sigaificaace of 

the fiadings will follow. 

It should be nated by those interested in canparlag these! 

data with imospheric effects, that a l l  of OUF relevant 

measurements are made w t t h  directionel detectors, and hence all 

m e ~ m e d  fluxes are d i r e c t i d  fluxes in units of particles 
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ano2 sec-l a t e m d - l .  In order t o  find the tota l  flux of particles 

banbard- unit area of the iCaIosplaere, l.e., in order t o  fiad 

the f lux in particles cmo2 sec-', these directional fluxes must 

be suermed over 2 If sterad. As has been sham, the flux i n  pre- 

cipitation events tends t e s  isatropy over the upper hemi- 

sphere, so that one may reasonably multiply all fluxes quoted 

here by 2% in urder t o  obtaln the flux bcmbarding 1 cm2 a t  

100-km altitude say. The validity of such an action is erihanced 

by the fact that Detector 5 has a wide field of view ( - 43" half- 

angle) 80 that it effectively me~suret~ an average directional 

flux over much of the dumping cane. 

specifically t o  fill t h i s  need at the planned satellite altitude 

of - 950 biloneters. 

effects that o d ~ y  sane 90s of precipitated electrons are 

absarbed Immediately (see discussion of Ra above) . 

In fact  it was designed 

Note also in consideration of iaaospheric 

The properties of precipitated electrons which might be 

measured are their f lux and energy spectrum as a f'unctian of 

(1) L or invariant latitude ; 

(2) frxta~. time; 

(3) €teal time; and 

(4) Pitch eagle. 

The simplest feature t o  measure, and that which can be measured 

w i t h  highest sensitivity and greatest accuracy, w i t h  IQjUn =I, 

is the directional flu of precipitated electrons vi th  energy 
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Ee lb 40 keV, and t h i s  is  ccolstdered first. 

measured with Ibtector 5 for aU I?ort,h American passes In 

January and February, 1963 and for favorably-orlezi%ed portions 

This flux has been - 

of passes In Deceahr, 1w. Both scatter diagram *an marry 

passes and 3-s of data i’rcm selected passes are used. mch 
of the data invalves eQht-secmA (l.e., thLrty-two frame) 

averages taken at balf-integml values of‘ L. Occasionally such 

ehartperid avereges l i e  lil the middle of e *lash, and sane- 

tines they l i e  just &si& R splash. They were chosen to be 

this shwt because the sakllite takes a canparable time to 

cross a U - u n i t  ob L at high L values. Also, in eigbt seconds 

the satellite Iwves abuut fif’ty kilanetera, aDd tbis is about 

the scale af resolution in numerous ground-based observations. 

Caasider first the plpcipitatian as a f’unctim of L 

(OT invariant latitude A ) only. Figure 15 shws data f’ran 

two successive passes of Jaauary 14, 1963 separated in real 

time by tro hours. They were at essentially the same local times, 

am3 were seprc i ted  In lqit-ride by about t h 3 . r - t ~  degrees. Bk 

atteuxpt has been made to shcrw t h  flne structure in these 

latitude profiles, although samples 09 the range of fluctuation 

of intensities are shown. The plotted points are e i g h t s e c d  

(i*e., thirty-two sample) avemrges at half-intem values af L. 

F’igure 15 IUxstxates two features, It shcws that 

precipitation c ~ l 3  be very restricted in latitude (ea., over 

A L AI 1 earth &ius) or very extensive i n  latitude (e.&., over 
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I 

L 

A L - x )  earth radii) even at the same local time and Over an 

interval  of only a few hours In real  the. A ccPnparable 

varfability was faund In  the latitude survey by x-ray detectors 

on ballooars Ef. Winckler et al., 1w. !Lbe secaad feature t o  

be noted in Figuzx 15 is  that ConsiClerable precipitaticm occurred 

in one pass even a t  Lvalues as large as about 30, carrespanding 

to  an invariant latitude o f  &out 80'. 

Cansidering further the precipitation as a f'mction of L 

tmly, a scatter diagram for precipitation during January, 1963 

is shown in Figure 16. Data fran other months ere not plotted, 

so a0 t o  avoM too canplex a figure. 

FiguFe 16 il lustrates two features of interest. first, 

it shows that precipitatian.is roughly one thousand times larger 

io the auroral. region than it is at mid-latitudes around L .y 2. 

This can be seen by the line representing the average of the 

measurements in  Figure 16, and OS course, it is clear how a few 

very Intense fluxes can d d n a t e  such an average. 

latitude proflle is in good agrement With that derived from 

Injun I G'Brien, 1- w i t h  cassiderably fewer measurements. 

The slgniflcance of this  profile in consideratians of the c-fl 

of particle "lifetime" was discussed by O'Brien @g and 
the discusslar will not be repeated here, except t o  mention 

that quantitatively the Injun 111 measurements confirm the 

The average 

accuracy Of those with Injun I but ehaw the scatter Of the 
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phenanenan more ful ly.  A second feature of F3.gure 16 which 
&auld be nuted is that the flux of pmipifated electram at 

a given value of L in the surcp.al -e can vary over a range of 

at least a million to‘one. mece the s ~ c u r e  at a given locafiaa 

i s  not continuously very active even in  the auroral zane. The 

significance of this w i l l  be discussed below, and here it i s  

Bufficlent to menticm that, by contrast, the solar wind (a 

v s t e d  source of enerm r a  precipitation) does blow con- 

tlnucxl6ly h e b a u e r  axid Snyder, lw. Rate hmever that the 

InlnlrfWm CRxtflUx Oyer the raage L - 5.0, 5.5, ...) 7.0 cxlt 

241 mtawplements (not a l l  obl dif ferent  passes) is about 

40 particles ano2 secol sterad-’, significantly w r  tban 

at ather values of L. Precipitaticm therefare occurred all the 

t h e  near the auroral zone, but at a slightly lower latitude 

than the aurural zme which was defined by photanetric 

measuremMts of mrox-al light to be arolnd L = 7.6 (see 

M IV). Bashr i c ~ l r d  aum~ral ionospheric atmoJrption 

also to be at lower lat*tude than the virmal auroral zone, 

and so presumably the absorption he studied was caused more by 

electrons w i t h  Ee > 40 keV than by electrons with Ee - 10 keV, 

- 

- 
In cmtinuing t h i s  presentation of the Ldependence of‘ 

precipitation, it is  useful tc ccmpare Figures 17 and 18, which 

show short segments of data f’rm a pass on Januery 13, 1963. 

In Figure 17, the precipitation is essentially canstant to 
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within about 10s far more than ten seconds, or about one hundred 

kllaneters in distaqe. 

cipitation is m a t &  variable in short times &/or axnall 

distances. More extreme examples of each feature can be faux3 

in other passes, raDglng f'ran a hunCred-fold increase and decrease 

in the flwr in less than oae-quru*ter of a Eecond(or in about two 

kilaneters), t o  the other extreme of continuous precipitation 

constant t o  about 105 fcr a time of about twenty seconds . 
two examples canpared here were chose2 simply because they were 

acquired about two ninutea apaxt an the same pass. 

In Figure 18, by contrast, the pre- 

The 

Precipitation may also be studied as G function of local 

Recent studies a t  l o w  altitudes with Injun I R'Brien, the. 

1- and at high a l t i tudes  w i t h  Explarer XIV &ads, Van 

Allen, and mcagno, 1- shew that the location i n  the 

magnetosphere of geomagnetically-trapped radiation is influenced 

by the angle between the sun-earth vector and the earth-location 

vector. 

dependence an, the pasametef local time. 

see if' the fluxes uf' precipitated electrcms show a similar 

dependence. 

The data can be organized with, &nd display a systematic 

It i s  cf Interest t o  

Again we use both individual events and scatter diagrams 

o f m a n y  events, 

telemetry was received a31 both the northbound and southbound 

portions of a pass of Injun 111 over N o r t h  America. 

Individual events used are those in which 

TWO 
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ctmtrast3q events aze ccmeidered, and these a m  shavn in 

Figures 19 tnx320, 

It 28 C l e a r  19 thaf the -$pia- f l r t X  8t 

1930 U.T. on J v  13, 1963 was more dependent L then cm 

local time, and meed the fluxes at the wme L (L = 7.5 s q )  

separated 3-n local time by about flve hams (or &cut seventy- 

f ive d w s  at lor@tude) a& i n  real time by ab& seven 

mlnu-s are remrkably similar. Because they are so similar, 

it is reastmeble t o  aesume that the flux extended over the entire 

width of 75" l-itude. Frau this asmtion, and fran the 

measured d-ence 09 precipitated flux CQ L, we find a tatsl 

l n s t a n h x m u s  power input of electmns E - > 40 keV info the 

aarthern Hemisphere of about three hundred megawatts. 

dUYerent u n i t s ,  the t o t a l  energy input of these particles over 

at least five minutes was 10 ergs, When electroas Kith 

energy Ee 3 1 keV are included, if use I s  made of the 

equivelence relatim opten applicable t o  such electron fluxes 

that W b n  

In 

18 

- 
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The data of Ptgure 20, by contrast with those af Figure 19, 

ShaW very different fluxes at the 

local times. The detailed latitude prof i le  of pigure 20 is  seen 

more clearly in 21, Since the satel l i te  t a b e s  a flnite 

time ( - mirmtes) between crossing an L shell an a northbound 

pass and next CrOSsirq it on a sazthbcnurd pass, and since the 

precipitated flux a t  the same point can yary greatly in a few 

seconds and even more in  a few mirrutes, the effects in pigure 20 

could be due t o  a variation in real time rather than local time 

OT longitude. We therefore have no evidence *an Injun 111 t o  

show that the flux must on occasions be localized in longitude, 

and merely present Figure 20 as a contrast t o  Figure 19 which 

shows that on occasions the flux must be extended in longitude . 
Evidence for a loslgffudlnal difference m i g h t  be inferred frmm 

joint Injun I-Explorer XI1 observations, where Wun I measured 

a t  law altitudes the most intense natural event yet seen in space 

EfBrlen and Laughlin, 1- w h i l e  Rcplorer XI1 on the same L 

shell but a t  blgh altitude measured an UnpeFtUrbed outer zcne 

flwc at the sane t h e  but at tl. different lmgitude. 

of high-altitude data with law-altitude data In th i s  way is 

liable t o  uncertainties because they do not refer t o  particles 

with slmllar equatorial pitch angles, and the mstter is not 

L shell but dlf'ferent 

. . 

~ 

Canparison 

resolved here fran consideration of these and other individual 

events. 
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acmriog cantipsMus data far e year or 60 cem settle this 
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electrons for ~anuarg 1963. 
crtherperiodsbut these titre not sharnhere. Also sham is the 

pllarretsry mgaetlc disavbaace iadex If, 
iatemal OB three haIrs ia time, It is relepeat to note that 

tbe precipitam fluxes plattea are eight-seccmd sverrrges at 

certain values cb L. Ibe shoslt-term r l N x  -ts and the 

lcmg-tem -tic -ex may theref'- be expected to have a 

W plats have been made far 

S-K r e f e r s f o a  P 

s-t IIDpsrfeCt relaticmshlp. 

It is clear Fmm FQwx 24, however, that it is rea-ble 

to sta te  that there is  a mater tendency to heve hi& fluxes af 

precipitated electrons during nwrmpttc stojtms (or large 5) tban 
at n#nnr?ticallg-quiet tiares. Such a canclusian is scarcely xm, 

but it is iDcluded here for campleteness. It is essential to 

phrase it In such vague terms, because the phenanenon in question 

displays such e m t i c  behadar. 

The Index I s  r e c e z e d  to be a very crude m e a s u r e  af 5 
Sanegnefb WtiVitp, but it ha8 been used h 60 maqY S t u d i e s  

that we canpare it here wfth' tbe intensity OS precipitation in  

order to see If it can be given a quantitative e~aluatioa. 

The amximum ei&t-eecond-average precipitated flux 

encamtered OP each pass is plotted ega-t K in pigure 3A. 

l h i s  use may be th-t at' as a measure of the most intease 

preclpitatlon nhicb a given dleturtwrace can produce, independent 

of la'tikde or I.. A simifnr general depedence ia seen if me 

P 



p l o t s  the prec ip i t a t i a  at  a given L (q-g., L = 6) @st '6. 
It i d  uwsu t o  canpare the scatter a- ot F-W 3~ 

with a simi lar  d i m  m i l e d  by Freeman aw of the most 

Intense flux of 50 keV electrons encountered by Explorer XI1 

OQ passes in the equatorial plane ( w e  3B) T k  particles 

measured by F r m  were trapped, aDd on the average their 

intensity increased by a factar of ten (With ccusider&ble 

matter) 88 Yp increased by five u n l t s  frm 0 t o  5 .  By contrast, 

Pigure 3A here shms that the carresponding increase ia pre- 

cipitated particles is by a factor of more than one thousand, 

with very great scatter at  a given K P* 
This canparison m-t be sumaarized Sy saying that, for 

'6 between 0 and 5 ,  the maximwm (i.e., any L) flux af precipitated 

electrons with Ee 9. 40 keV increases by ruughly a factar of' 

abaut five far every unit Increase in 5. 
fake, as geacrally reccgrJized, fairly crude. 

The index 5 I s  there- 

The precipitatlcm pitch-cu3gle di&ributions can be 

wumnsrized, as shcwn ebove, by the statement that the flUXeS in 

intense precipitation are isatrupic mer the upper h e n n i m  

just abave the apprzciable atmosphere, e&., at - 250-B3n 
altitude. IWrthermcxe,  about ten percent of the precipitated 

flux is backscattered by the atmosphere, and since it has been 

shown that the same f i e l d  Uses can occasionally be +ding 

eenters during precipitation, these backscattered electraDs q 
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tend t o  travel t o  the conJVgate point, Whether they reach the 

conjugate point will be detemlned by their abUity to paas 

back thraagh the accelemtioa region without being decelerated 

or ubberylse pert-. The simultatbeaus cuinjugsfe-point 

balloon x - w  studies by Bromr, Andersoa, Anger, raad grranS 

E-, ahar that the intensities of gzpcipitated electrma are 

essentiaUy the same in both hemispheres, so that presumably tbe 

acceleratlm mec-sn aperates in both senses, precipitating 

prlmay electram in both lplnispheres. 

'Ibe properties of precipitated electraos w i t h  

.Ee 2 40 keV at hl& latitudes a d  InJua III altitudes over 

Bkrth lbri.ca mey be s\maparized as fdllovs: 

(1) 

secol steradoL at L = 2 ( A = 45') t o  

 he averege  flu^ m a s e a  fr<m - lo2 ptwticles 

lo5 in the suwlral 

L - 5 t o  10 (A -e' to P o )  and decreases again 

tpigure 16). 
(2) ~ h s  nux over latitudes the flux at s 

given latitude increase by ra@ly a factar of five w i t h  every 

unit increase in K trim 0 to 5, varying greatly at any cho~ea 

K (m 3). 'phe precipitated electrons ere much mare 

susceptible to  magnetic starms than are trapped electroars 

P 

P 

(Pigure 9 v-8 Figure.:3B). 

(3) - 80" af 1atgit-e OT > 4000 kilanetera (m 19). cu otber 

The precipitated nux clsl occasicxm can be un i fo rm oyer 



occaeiaas it may be loca3lzed In langltude, although t h i s  is 

not proven here (Ftgures 20 and u). 
(4) 

latitude, extenalng over P L - 20 "earth radii" and up to about 

ten degrees fmn the magnetic pole (pigure 15)  or it can be 

extended over only A L - 1 earth radius and negligible at 

higa latituites (m 15), a it rnay extend unif- wer 

hundreds of kilameters in l a t l t lde  (Figure 17) ar over e a 

The precipitated flux can be ertmmeQ extezmive in 

feW kilrmbekrs (FiW 18). 

( 5 )  

of the day, in  particular both at middq end at m3dnQht 

  he prscipitated flux can be in"i;ense ar weak at any time 

(-6 22 23). 

(6) 
towards isotropy o v a  the uppx henisphere (Figures 7 through 14), 

8nd 

(7) 
by the atxncqiiere (FiR;re 4). 

(8) The precipl+atw flux i*eaches a nxdnran co1 a given 

pass a% about the s m e  l o s a t l a  as any aurora Euad also at about 

the bmn3a-y of t.rqping \'Figure 2). 

The angular distxI3uttoa of the precipitated flux tends 

Abait ten percent of the precipitated flux i s  backscattered 



53 

&failed spedral. aualyses of precipitated elecfrans will 

not be pre-ted here, because such aaalyses are included in  the 

spectral studies CXP hughlin, Fritz, and sti lwen 

Ihirt 11. Barever, a bclef sumnary of' observed spectral 

characteristics w i l l  be iacluiled here so as to canplete the 

description of the clmrac~erlstlcs of precipitation. 

in 

It was sham abcrpe that the energy spectnan of trapped 

electrons is much rlcber in high-energy (Ee - 1 MeV) elect- 
than IS the spectrum ~f precipitateti electrons (at L 4 5;- 

the cangarisao e a  be made in precipitation events). 

I n t h e e n e r g y r m g e b k e V <  - Ee< - U O k e V a f e w s p e c t r d  

analyses cauld be made as a fbncticm Cg pitch angle when the 

diFferential spectruneter was sp- and tumbling with the 

satellite s m  e l -  l d .  A0 significant variatian with 

pitch angle cuuld be detected, 

Another approach I s  to meamre the spectrum in this range 

when the satellite v&8 oriented, so that the spectraDeter 

detected trapped particles with Q - 90'. A number of large 

splashes were examined, and the spectrum neasured before, 

during, and after the splaeh. If the spectrum before and after 

uas essentially the same, it was taken to be a precipitatioa 

event UP reasonable spec- &ability, (This may have produced 
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a bias in the caplclusions we draw here). 

fwnd that tb spectrum d u r i n g  the splash was essentially the 

sane as before and apter. For example, ccmparing cauntiag rates 

during one splash of two seconds durrrtion with the rates in the 

previous ten seconds, the low-energy ( - 50 IWV) channel 

increased by 3- while the hl@=enerw ( CI. 100 keV)  c-el 

increased by 370$. Another method a9 cunparism is t o  f i t  an 

expooential curve t o  the two-point measurement, mmerically 

integrating over the actual spectral passbands (see pe;rt 11). 

Then in this same event tbe e-folding energy Eo vas fownd t o  be 

In such cases, it was 

Eo = 

Eo = 

Befare the splash 

IhrIIlg th@ splash Eo* - 
After the splash 

The ab- treatments Indicate that 

(23.8 2 0.5) h v  

(24.1 + 0.5) keV - 
(22 2 1 )kev 

the s p e c t m  i n  the 

h-0 - < Ee - C: I l O  keV may be not greatly affected by 

preclpltation. They shov that the spectrum in a splash is not 

strongly dependent op pitch w e  (at InJua altitudes) and that 

the spectrum of trepped particles Inside a splash is mch the 

same as It was on either side of (or before and after)  the 

splash. Similar coaclusians can be reached f’rm a stat is t ical  

study of the spectra of trapm and precipitated electrons 

L- O’BEL~~, 1w. 

as ye t  d i y  to altitudes of 5 loo0 km. The approach t o  

is&rapy during precipitation also suggests that this is  likely 

It is t o  be emphastzed that they apply 
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t o  be true, since ftme I I I ~  fluxes above lo kev becme 

carfime to rise at the 88me slope dam t o  near-theFmes 

w e s .  The acceleration mechanismmay be such, therefore, 

as to wxg~ly a mnuunt af energy (ea., - 1 WV, say) 

to aply participting electrcms Gee also Mcuwain, 1960; 

mds et a ~ ,  

raugChly equal, and they are canposed mostly of electranswSth 

energy 40 .II C Ee 2 ll0 keV. 

Ibe vesiation in spectra ?rcn event to event I s  naw 

treated bricflr. Fuller diwuesiosl  i s  given in Furt 11. Several 

qualttatlve s*Jatenrents c3u be made, viz. ,  the spectrum in the 

mnge Ee 5 100 ke7 may be F a t l y  variable w l t b  time &/or 

space in 8 given event, 3ut it appears t o  be gene- s a g t e r  

t ~ e  1ati:uaes fi also o*~rien, lw. IIA many 

precipitatiar events there is an abundance af electrons wltb 

energy Ee - 10 to 40 keV, srd fn several events it is  certein 

that the flux of precipitated electrons wlth Ee - 10 eV is no 
larger than the flux of those with Ee -10 keV (see Ru-t IV). 

Thus the energy spectra on 6a13e occaskas at least do not 



Cue the first requirements of aw postulated euurce 

or acceleratiaa mechnnism I s  that it be capabla Oi rupplyl43 

sufficient energy to keep precipitation going, both on an 

hStmt8lleOU 10CdiZed baSi8 and a 8 long-bm, w~rrld-Wlde 

basis .  For example, It I s  often suggested that the solar w i z d  

may be the source of energy tbt leeds to the elzergizing of 

the arter radiatiw zone, of pecipitatlon slld then auroras. 

Accurate measurements of the solar wind have nuw been made 

&ugebauer and Snyder, 1 9 g  so that this energy balance may 

be exanlned quantitatively. 

Briefly, it can be shown by measurenrent of auraral light 

(Part I V )  aod by direct  mea~ure~nent of particle precipitation, 

that the average en- flux of electrcxm w i t h  Ee 2 1 k e V  

precipitated in the 8uroFal zone is about 3 to 5 ergs ano2 sec-’. 

When averaged over the planet earth, f h i s  cafiiesponds to en 

a-e energy loas ~f (4 x.10 

loss occurs in megnefic storms, but the time-averaged conditions 

are treated here.) !Be average solar wind br-s to the Front 

of the magnetoephere (about 10 ’Re in radius) 8- 3 x loL9 ergs 

set". 
precipitatian and thence auroras, a mcbanlsm must be found for 

camrting about m e  percent of the s d a r - w b d  enes~y.  

17 1 q s  secD1. (Most ae this 

Thus if the average solar wind i s  to drive the average 





TBE alum aP pRElcIpIITATIm 

The ~ Q U S  characteristics of precipitation ob electruas 

in dynemic hQh-latitude events were Wrmparized In a w i n g  

sectlcm. It should also be nubed that Balmer esaissitms occur 

in the aurceal -e Le -lain, 1gtiGJ and these might 

well be interpreted as indictst- protan precipitatlm analagous 

t o  the above electrcm precipltatlua. Tbe localized protan 

ilur 

may be mclre widespread than the m o r e  intense electnw 

precipitation. It seems possfble that simil~lr t o t a l  amarats of 

energy might be precfpitated by particles of both types, but 

there are few -nta2 n w m m m e n t s  Crp protnas w i t h  

can be as large as 10 ergs ano2 secol and it 

* 10 t o  100 IWV at satellite altitudes Gee h v i s  and 

MUiammn, lw. We lgnme protons in  the followbg discussla, 

but emphasize thst this I s  not to inrply th8t tky have w l b l e  

effect6 

The a w e  canpariscm~of the behavior of higbenergy 

(E, - 1 MeV) and lawenergy (Ee 3 40 keV) electrons in splasbes 

Indicates thet t h i s  precipitatlan i s  not simply a gross lower- 

irrg aP mirror points of all trapped electrons. 

an eaergydependent effect.  It must involve the energlzlpg 

of electmns, because othervise the outer zcae wculd be rapidly 

-tied &e detailed discussion by O*Briea, lw. Then the 

- 
Xastxxd It I s  
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"iacxwmnt" of energy aupplylm3t be of the order of tens of 

b V  or lese, rather than say hudrede of lev, in mer far its 

effects cn 1 MeV electrare not to be disCer9;ible. On the 

atherbend, tbe incmme& of energymust be af the order af 

tens of keV rather than s e ~ r  hundreds of eV, because &hemlee 

t ? ~  peak flux ct 8- electrma would not be fcnmd at 

energies af the order of 10 keV. The d i f f e r e n t m  energy 

spectnar~ is steep for Ee > b keV, but tends genemlly t o  

flatten or perhaps turn aver at 

10 kev/;;ee ~ g r t e  11 ~ n d  IV; ~cnwain, 2960; D W I ~  et al., 1960; 
af a few b V  to same 

Andersm and Deuztt, 1w. 

It seems possible that a sharp peak at, say, 6 keV in the 

diPfereatia3 electma spectrum Es in McIlwain, 1- m i @ t  be 

caused simply by thermal electram i n  part of the t- e farce 

belng exposed to  an electrostatic putential of - 6 kV, directed 

along the field vector e. 
aLere -peer to be aane features of the precipitatim 

consisteat w i t h  a crude, qualitative aseurqtAtm at eplrrsb~ 

precipitatim is caused by temparary electric fields oi the a e r  

09 10 kilopolts directed parallel to  $ at high altitudes. Barwer, 

we htme no suggested mechanism for creating such a field, ar for 

detemining its C b a r R c ~ S t i C S ,  and there are so many adjustable 

peramefers that we have not yet solved the transport equatian 

which describes the behavior cdp an electraa ori&aUy h9nring a 

given energy at a glven pitch angle Le also Chanbrla2rh l96ly. 



It mast be remenhred that the tendency tcmrda isofropy 

WRS eetablished above cmly at altitudes of .c loo0 km and lees, 

by detectors w l h  opening m e 8  of tenS of degrees, for 

fluxes 09 electrons with energy Ee 5 40 keV. It would appear 

~FUD 

equatorhl plane* If an electric field along B cause8 

precipitation then perhaps a flux of electrons - 10 keV 

s h a d  have a m a x h a m  parallel t o  B, althargh obscure scattern 

lng phenomeaa at high altitudes might cause it to  approach 

isotropy at lower altitudes 4 loo0 km. The only occasians on 

which we find greater fluxes at a - 0' and a - 50" than at 

a - 90" are far very law satel l i te  altitudes mound 250 km, 

vkn  the f i e l d  of view of the detectar a t  a - 90" is not Fi l led  

by a unlf 'mn f lux because It is see- sane electrons back- 

scattered at - lOO-lnn altitude where % < 1, 

3~ and 3~ that i~ot ropy  a-8 not persiet in the 
-3 

To conclude this brief discuss ics  about the c8use of 

precipitation, it must be admitted that while this paper gathers 

wether a considerable SmOuDt of expertmenm infannatian abcnat 

precipitation, the author remaips ignorant of I t s  cause. 

tendency towasds isotropy seems aesthetically attractive, 

althaagh it is not clear why it should be attractive. Perhaps 

It I s  because other conceivable alternatives appear repulsive 

[Jssler, private CamrmnicatiGJ. 

Tbe 



Typical questians which canbe req- tests af a 

precipltaticu theary are l i s t ed  mar: 

where were the individual precipitated electrons stld 
protals yesterday, or ten seconds ago? 
Haw can the mwce sustain an average energy dissipation 

Qp d e r  aze - thamand meg;awattsf 
Idhat causes isotropy, i.e., the t%cnm?unicatiaa't between 
trapped and precipitated electrans of similar energies? 
Baw can -energy (E, - 1 MeV) trapped electrons 
--+n cse€??L*uy ~~~W by +.he precipitatim 
mechanism? 

If the energy s-ce i s  the solar and, b l m  c o p  

in such a way as to vary the precipitation intensity 
by a factor cif me million, the energy spectra so 

greatly, the temp- arad spatial c h a r ~ i s t i c s  60 

greatly, and so on? 
wby does daythe precipitation occur? And w4y does aigtit- 
time precipitatiopl occur? 

Why I s  YIF associated vith law-energy precipitated 
particles (see pert v)? 
Mhy does precipitation tend to be greatest - the 
cruter b~nmdary ~ r f  t+iqg? 

How can precipitatim be produced at near-conjugate 
points? 

tioa;La;lsly, vhat pammet€?r(s) C J f  the solar wiad clumge 

Many at)Ler test questiapls can be dedsed  on the basis af 

data presented here and elsewhere. We mggest that at least 6Qne 

of these questions be a compulsory examination far aqy praposed 

thearies befare their publication. 



All the above dlscueslon has collsldered only spmadlc 

precipitatiou or splashes. It I s  w e l l  knam that particles can 

be lost by dri f t ing 1onglWitlAflv in the real magnetic field t o  

such low sltitudes that atrooepherlc scattering and energy loss 

remove them. Thus they may not be in the local loas cme mer 

Hmth America, say, where B i s  relatively large, but they may 

enter the local loss cone Over the Rio m W m m  ar the Capetavn 

a n w w h e r e  B i s  small. 

Studies aP such effects were made by p'orbush, Venkatesan, 

and McIlwain m, by Iru;lg'alin et a l ,  in past 11, by 

FauLikas and M e n  &-, and by Vernav, Corchakov, Ugachev, 

ksterov, pi~arenlro, Sa-0, chutialra~, and t i t m r r ~ ~ ~ .  

loss is understood theoretic- mt an8 
w - 4  lw and it makes demands on the capacity of the 

radiation zones at all energies, 

amall values of L, and produces a-ic Ionization localized 

near tbe:minha In B E.g., see Cladis and Desal-, lw. 

Bawever, it i s  less important at L > 4 and so it is not 

treated here Eee ~'~rien, I-. 

mecmsm 

It I s  very l m m t  st 

\ 



We attempted to present in this paper a caarplete d e d p -  

t i m  af the pbenmenolw of precipitS.tria0, t o  the extent tbat is 

possible with currentlywmalldble resesrch results. Mach of the 

infoormaflan was derived far the first time vith the satellite 

Wun 111, but a caaslderable mamt came Avrn p r e v i a e  aeaau=- 

m t S  OQ the &F& ead with baJlmS, mckets, and S & d l i t e S .  

Ihe various characteristics of precipitation vere listed 

above, and me car mare figures were Included to I l lustrate  

pestlculer exeuple~ em3 general statistical mmmrles. All these 

chas9cter_3.stics must be -laitzed wprovtive theories of 

the causes of precipitation. Rxrthermore, it was established 

that certainly at lcrw altitudes aad probably at high altitudes 

the precipitated electrons w i t h  energies 

awere, so to spealr, of what i s  beppeairrs to trapped electram, 

and vlce verea. Thus the two categuries are subject to similar 

lnf'l-es. The flux of trspped electrons of or abope a given 

energy Increases durlng precipitatian [as the splash-catcher 

model predicts) m m  than decreases (as the s-uied 1- 

bucket model predicts). In fact not ooly does the intensity 

increase, but it iacreases by Just the carrect amQuDt n e c e s m  

to tend tuwards isotropy ( R t  law altitudes). 

2 40 keV are 

In c a r  opiniaa, a mor experimental sfudy required t o  

advance towards an understanding of the cause af plleciplfstim 



ie a detailed imrestigstim of the limit6 t o  which this isotropy 

is valid0 It W ~ L I  e~tabUshed &Ju~ SI1 that it is v a l i d  

t o  an accuracy of - loqb for electrons ~ l t h  energy ge - > 40 kev 
meamred at altitudes of' a loo0 kilcmeters with detectors 

With angular resoluthn of acme tens of d v s .  AI1 these 

psrameters must be adjusted and the test for isotropy repeated 

in further experiments. 
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APPENXX I: Farmeters Used In This study 

When the satellite bbcame magnetically orieated (see 

Ftiwt I) the mor portion of the data treated here was acqujred. 

Tbe satellite orbital location I s  routinely canre- into the 

(L, B) com15nate systen 09 Mcnmin Ew. parmeter L 

labels 8 mag.ILetic shell on which a trapped particle bounces in 

latitude and dripts in lcmgltude. IWmerlcaUy, L is euch that, 

if the geamgnetlc field was that of a perfect centered dipole, 

then the equatorial radial dletance frcm the center of the earth 

t o  a given magnetic shell would be L earth radii, It has been 

&am that -tic storms and the steady-state solar wind dietort 

the gemapetic f i e l d  so much that aay simple notion of L c18 &a 

equ~torlal radial distance to a given shell fn the real field 

must be abandoned for L 3 6, and sanetimes for lower values 

Tbe parameter L derived by McIlwein 

f'mn a model eqpsnsioa far the gecollaenetic f i e l d  which best 

fits ground measurements is e t l l l  an extremely useful IdeaJized 

eysfem, and it I s  used thrayshauf t h i s  note, 

OccasionaUy it I s  a2 interest to refer the data to  

grc#m8-lwel observations, and for such purpoees we use the 

concept of the invarisnt latitude 3\. , which is derived Avlm 

L COS' 

intersects the surface of the earth Eq3rlen, l-. Over 

= 1, a,nd is the "latitude" 8% Which 8 giVW L S h a  



l~scdh America, A and the centered-dipole magnetic utitude 

A d m e r  by lese than ab& 2'. 

!be permeter B is the scalar value of the locsl mgnetIc 

field,  in SUSS. 

(me time8 during January end February, 1963 at which the 

oriented sate l l i te  crossed the -tic shells L = 2.0, 2.5, 

3.0, 3.5, etc,, vere calculated, and eight-seccpul aperages of 

D?tectars 1, 4, and 5 detemlned. In the usual mode, each 

e m -  averege was derived frcm thir'ty-two traagmitted 

-6 far each detector. All raw data were ex- 

visually by the writer, to ensure exclusion 09 noley data frcm 

the canput& averages (see also discussIan below). 

In the des* of l[n3m 111, Detecttxs 4 end 5 were intended 

to neasure precipitated particles when the satellite was 

d a t e d .  WlX as@;ular Wie&8t%W with 

to the PBylOad magnetic exis was chosen t o  6atisfy t h i s  

ment at the designed altitude of about 950 kilaneters at high 

latitudes. 

much grester tban t h l s  nan%ml altitude that a c c s s l ~  even 

Detector 5 measue~ trapped particles, In order to  ensure that 

Detectcar 5 data refer only to precipitated p~rticles, %.e., 

those which wclllfd have mirrared at an altitude of 100 WTo- 

meters or less, use IS made ut the iavarieaf relatioa @ 

Ibe actual altitude of Injun III i s  sanetimes SO 

v- -, 1 9 q  
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- s b 2  a = canstant. 
B 

Two forms of this relation are of particular use here, 

1 2 
= -  sin2 a sin a. - =  

BO Bm B 

where a is the pitch angle of a particle at the location where 

the f i e l d  strength is B gauss, so that the particle mirrors at 

Bm (where a = 90") and the subscript refers t o  the equatorial 

plaae 
2 Thus sin a. = - Numerical values are shown i n  

Bm 
Figure 25. In  the earth's magnetic field, assuming a pure dipole 

undistorted by the solar wind, and considering only precipitated 

particles tend- t o  mirror in the ~ t m ~ ~ p h e r e ,  i.e., With 

the relation may be written Bm * 500 km' 

and so 2 1 s i n  ao* - - 
L3 

'phus the equatorial pitch angle defining the classical loss ccae 

Yaries f'ran about 21' at I, = 2, t o  about 3" a t  L = 6. 

Because the solar wind greatly d i s to r t s  the geanagnetic 

f i e l d  L S  and Amazeen, lw, the use of the dipole relation 

above between Land Bo is invalid at  lsrge values of L, Bnd 

indeed by direct measurement of trapped particles it has been 



eccentric, aQlaipole character musf be cansidered in defining 

the actual loss corm at each ~ocabtial of the satellite. lhio is 

trapped particles, In these studies of precipltatlca, data were 

accepted only when the local loss-cane m e  e,, was greater than 

%", tberebg an sllarslre was made far a few degrees o c c a s ~ a l  

mifdigment. 

Since all the data were taken aver ISorth her3cs,  %m Irm 
at a given L i s  relatively camtant as listed in -le III. 

-, the nmdnal Bo at a &veri L is fixed (Table XIS)  

and s b e  VBo I s  routinely calculated at the satellite 

locatiar, we c8n spec* that far t h i s  stuay 

The resultant tabulaticm of acceptable satellite locations I s  

Shawn in Table 1II. 'phe mtnimum allowable values af B at the 



crlteris far Detectcw 5 to Measure 
only Precipitated Rirtlcles aver North America 

I 
BO U i a n n n  Allowable 

(earfh Faaii) Gauss GRUBS B/Bo at Satellite 
400 km L 

I 

2 e o  0.50 0,039 7 06 
2 m 5  0.54 0.019 16 
3 -0 0.56 0.0~6 29 
3 -5 0.57 0.0073 46 
4 .O 0.51 0,0048 70 
6 .o 240 

1- 1 

. 



e . ..: 

satellite mignt have been used a8 satisfactory criteria in 

Table III instead of WB,. Hcwever, 

can be used to give a nmbtit equatwlal pitch angle a. 

immediately. 

Flgure 25, wB0 

In a l l  this study, the eguatorial magnetic f i e l d  strepgth 

Bo is calculated siarpls fkun the relation @Ilwain, 1963 

0,312 gauss, where L is In units of an earth Bo = s3 

radius. Since the geanagnetic f i e l d  I s  terminated at sane ten 

earth radii in the sunlit hemisphere, w l t h  a termbal palue of 

B~ a9 osld- 10-3 t o  loo4 gauss arad  ma-, i g a ,  

this relatitan i8 clearly InvaUd for I, ?. 10, and the dis*&ion 

of the f i e ld  by the solar wind causes L to lose its simple 

applicability at L > 6 @Brien, lw. The model and the 

abuve relation w l l l  s t i l l  be used here at a l l  values a9 L, 

because tbey pravide a canvenlent flmmtork fur discussioa. 

The actua3. equatorisl pitch angles of particles measur& by 

DtJm SIX at large values L may differ s¶&l?icantlg f’ran 

those assigned in t b i s  formulatian. Since the actual. values 

canuot be calculated, we continue to use the Idealized 

values . 



In the sfudies cf t h i s  note, only electmns were discussed, 

a& geneTally oply electrans wi th  energy Ee 2 40 hV, rmssumd 

by Btect0JI.S 1, 4, and 5. The particle f lu~es were uniquely 

identified RS elecfmcs (see Prtrt I) by the elecfrm megaetlc 

spectrmeters, and by reference to the prcrton spectruneters af 

the AppUed Pbysice Iaborratary, w h i c h  dared es absence of 

protuns In the data used here &rtesy C. Bostm and (3. -7. 
As discussed In Part I, the telemetry foJnnat of the 

eatellite can be changed on cannnarrd from the graxd. Ihe count* 

ra tes  of the tbree Qelger tubes can then be sampled ab& four 

times each secand, &out five times, 

about sixteen times a e e c d  8s required. Most of' the results 

aP t h i s  note deal with samples taken faur times each second, 

sfnce in this mode of operatian a l l  of the twenty-two scientific 

instnrments on boeird are sampled, and so a detailed analysis 

of the perticle flux can be made. 

resolution of Geiger data were used in this note to establish 

that the eynchronism of the variations in their ccruntlng rates 

gemrally persists even when they are sampled 8s rapidly a8 

s2xteen times each s e c d .  

about el@ t b e s  or 

Sane samples of hi&?- 

JBrch Geiger counter I s  prescaled by eI&t before its 

further twelve-bit accumulator i s  sampled by the telemetry. 



s ca;zsting rate ie generally e m u  ia relation to the spatial 

and tenpmel varlatiars. For example, the million-fald scatter 

in intensity ¶n the axncaaal zone (Figure 16) i s  a real end 

natural effect. % may be checked for any given datun point 

by noting that each telemetered mmber, when multiplied by eight, 

gives the tatal catnts atxumuhted in the register s b c e  the 

previous btemogation emptied it, either oll9-quarter os one- 

sixteenth of a secclpd before, accadtizg to the chosen teleanetry 

mode. 'Dbe prescalAq register i s  not reset to  zero upcn 

interrwtion aad resettw of the fo3lcwing twelve-bit register. 

three Qeiger c-8 in illght, by choosing occasians when the 

sa teUte  was so oriented (far a seed or so) that two ar tbree 

of the detectors viewed the same flux. Thls occurred far ell 

three detectars, far example, vbn a l l  three axes uere 

to e. It m a r e  cumnanly occurred for Detectcrrs 1 aad 4 (but 

not Detector 5) when the axis of one was at a -Po and 
the ax is  ~ r f  the other was at a - 110' (see l%gme 13). 
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This early period OP ttnnbllng of the satellite was also 

u88d t o  derive values far €&, the 'keflectloa" coefficient of 

electram with E - > 40 keV as a function Oip pitch -le a 

(=e 4) .  
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siaoe we are dealing with greatlyiflwtuaWg c d -  

rates it I s  absolurtely essential t o  prove that the erratic 

behavior e.s any occaslcm is nut due merely to noise Sn the 

t e l e m e t r y  OF datscreituctios Systaas, or even to erratic OF noisy 

detectars. l h i s  can be sham in mreral. ways as follows. 

First, the satellite encoder checks the parity of each 

tvelve-bit blnary word representing the accumulated caunte in 

each register, whlch word is then traasmitted. The parlty of ea& 

wcod is a;lso traasmftted with It. Then, when the S.U.I. ccxtpubr 

translates tbe data, 2t checks fhe paxity of each tweltre-bit 

VCFd against I t s  traasmlttea parity. If the two disagree, the 

ccmputer irrlicates this in  the printing of the output. 

studies, we have not Included data when there was mre than one 

Parity ermr per page uif data ccauprlsing m o r e  than cine thausand 

twelve-bit wards. 

In these 

Secmd, as was shcm, there is generally but not always 

good correletion in  the ~le-tO-samp3.e count* mtes of the 

three Geigex tubes, and also af the other detectors of law- 

eaergy electrans. But detectors of inare energetic eledslms 

and Of mw sbou COrreLated Fhanap_S the S o f t  evenfS 

studied here. 



Third, these fluctuations are seen in almost every pass 

in pllunrral regions, but not in the stable imer belt ar 

artificial radiation belt at lower L values. 

In conclusicm, while there is a finite prcrbabi?lty af 

order 0.001 or less that a 8-e dstum point mey be incorrect 

(nO%SY), there I s  no possibility at all that the gFeatly- 

fluctuating phenanena reported here are due t o  technical 

malfunctions e 

. -  

This conclueian f a  bolstered by the fact that similar 

"erratic" behavior I s  seen In aurcms, in balloon observations 

of high-latitude x-rays, and by other satellites. 

was sinrply because enormous fluctuations were detected wlth 

In fact it 

InJU I which had a-secand tworal ~ S O l U t i ~  tbat W 

designed bjun I11 t o  have teaparal resolution up to a facta 

of sixteen times faster. 

Solar x-rays can be detected by the Geigers, but such 

occasions can be eliminated by use of the solar aspect sensors, 

the photcrmetera, and the scintillation caunter (see Part I), 

In  much of' the treatment of the data, the individual 

qparbr-second measurements have been added Over thirty-two 

samples by a computer. The phenomena are so variable that simple 

c r l k s i a  dictated by the cauputer may either accept tu3 o c c a s l ~  

noisy datum point or redect a valid but greatly-variable set of 

points. The simple parity check does not, of C C I U ~ ~ ,  re3ect a 
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word where two b i t s  are in  error, or four, etc. 

m e a s u r e m e n t  used in t h i s  study, the raw one-quartercsecond 

samples haw been inspected by the writer. Unless several of 

the detectors of electram w i t h  E >  40 key shuued synchrclolcrus 

variations the data were reJected. 

valid data were reJected OPI these subJective criteria, but 

It is certain that no i w a l i d  data were accepted. 

particular, Detector 4 scaaetimes measures enhanced flux at 

a - 50" a t  L - 4 and high altitudes when the other detectors 

&serve l i t t l e  change. Because there i s  no sufficiently- 

sensitive detector viewing the S~QE Oirectian, t h l s  effect is 

Ignored here. It may be val id and very ixiportant, but we 

suggest it has t o  be confirmed w i t h  other detectors before 

1% I s  discubsed in detail. 

noisiness of the instnunat but it is also generally under- 

standable in the model formulated t o  summarize precipitation. 

As a precautian against possible errm, all precipitation 

events were measured w i t h  Detectar 5, which sees enhanced 

fluxes aQly when the other detectars do. 

rates of several Ceiger modules differed significantly in- 

flight f ran  their calibretians pre-flight (see Part I). 

we do nat lmow why this occurred, It was extremely hportast  

t o  ensure that no instrumental malfunctions in fl-t tHYected 

our analysis. We believe that the internal consistency of the 

In every 

- 
It i s  possible that sane 

In 

It may be caused by i n k a t t e n t  

The peak counting 

Since 



results (e.&., the tendency towards isotrupy independent of 

the magnitude of the fluxes be- measured), their general 

reasonableness (e.g., detection of auroras caused by pre- 

cipitated perticlea a t  appropriate latitudes) and their con- 

sistency with earlier measuren;ents, as well as other arpnents ,  

in the apertures of the detectors might castaminate our results. 

Far exBmple, a 5 s  &.crease in the apparent flux at a - 90" m i g h t  

be th- t o  be due to scattering of part  a0 an intense flux at 

a - 50°, say. We conclude that such scattering effects are 

negligible here, first because we can see no evidence of any 

in Detectors 4 and 5 when Btector I is measuring intense 

fluxes at trapped electraus where there is no precipitation, 

and second because the magnetic spectrometer sees splashes 

concordant w i t h  data of Defector 1, and yet the spectraneter 

has sharply-defined and f i e l d s  Of V i m ,  with 

re3ection by more than a factor af one thousand of electms 

arriving frcm angles only a few degrees outside the fields of 

view & u g ~ i n ,  private camunica t ig .  

L 

remove eny doubt about the val id i ty  of the analyses. 

It must be considered whether electron scatteriag 
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Figure 1, Sketch illustrafirrg the use of three dhctianal 

Geiger tubes on the magnethally-oriented satellite 

~nfun III (see also =le 11). 

Figure 2 , Validation of the shplifled splash-catcher model. 

The photaneter measures an aurora, Detectar 4 measures sane 

af the precipitated particles at a - 50" causing the 

aurora, and Detectar 1 shaws that the flux trapped 

(a - 9") electrons increases to  appra0d;mate eqpality 

w i t h  the precipitated flux. Ncminal B/B, 230. 

Figure 3 .  13lustration that the flux of precipitated electrons 

(In A) y8Fies m o r e  w i t h  

nux (mainly 09 trapped electrons) in the equatorial 

than does the amldirectional 

plane (in B) .  Each point shaws the maxlmum respective 

flux encountered 011 an outer-zone pess. Ekplarer XI1 data 

frca! Fhemn G9Q. 
Figure 4. values af the reflection coefficient obtained with 

Injun 111 rn six passes. The measurement shown as A was 

made w i t h  Detectam 1 and 4 (see text). 

Flgure 5. lllustratiau of a "splash", or s y n m o u s  change in 

cauntbg rates of three Geiger counters w i t h  dlf'ferent 

orientations. TesIporal resolution is abaut 0.25 seconds, 

lorminal B/B~ - 300. 
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Figure 6. Another example of a splash, w S h  tempora;l resolutian 

four times faster thsn in Mgure 5 .  The satellite 

travelled less than 500 meters durhg each sannple, and 

the cyclotron radius aP these electrons a t  the satel l i te  

was about 20 meters . B/B, - 700. 
Figure 7. Samples of several splashes detected by three Geiger 

tubes viaring trapped particles (a t  a - 9") and pre- 

cipitated particles (at  a .c, 50" and a - 0'). mte 

that trapping persists between splashes, and that the 

precipitated flux d e s  by a greater p ~ i o m a l  

amount than does the trapped flux, i n  such a manner as 

t o  approach isotropy.  ana^ B/B* - 700-500. 
Figure 8. Pitch angle distributions derived f'rm measurements 

a t  A and B of w e  7. For simplicity it I s  assumed 

that each detector sees particles w i t h  uniform cross 

sectioar over the range af pitch angles s h m  as a block. 

mey actuaUy have conica~.  f i e l d s  ~f v i e w  (see Table II). 

rmiaal B/B~ - 600. 
Figure 9. Samples 09 splashes, sh- that the flux of 

precipitated electrcms at a - 0' tends t o  approach the 

flux of trapped electrons a t  cr: - 90" . 
equal fluxes" is that derived f r a u  pFeflQht calibrations 

a9 the geanetrlc factors c& the detectors, and the two 

lines parallel t o  it are twenty percent above and below it. 

The 'line of 



Figure 10. Fluv increonenfs derived f'ron qilaahea ai? Figure 9, 

sharing that generally the flux of' ''fresh" particles 

(derived as in Figure 8 )  is greater at a - Oo pare;uel 

to*thanperpendimilartoE? 

Figure 11, SimilAr to FQme 9, except that the flux at 

a-50°1scanpasedwi th thata ta ! -go0 .  Thete&ency 

to isotrupy is apperent once m a r e .  

pigure 12. Simil8r to Figure 10, except that the hcrement of 

flux or the flux of "fresh" partides at Q - 9" ie here 

ccmpared w i t h  that at CY - 50°, which is genemlly the 

greater. 

Pigure 13. F' l~es  neasured by Detectors 1 and 4 when bath 

viewed equivalent pitch angles in early non-oriented 

passes, Ihe %ne of equal fluxes" was again derived 

f'ram preflight calibrations of the geanetric factors. 

These data therefore substantiate the accuracy of  the 

and also illustrate the natural scatter calibratiorns, 

in sampling equal fluxes. The scatter l e  much less 

than in Mgures 11 and 12. 

Figure 14, Illustration that the increment of flux or the flux 

of 'Yresh" particles is nare d%en greater at CY - 50" 

than st a - 0'. 
that at CY - g ~ " ,  this illustrates that in precipitatlan 

the angular distribution tends t o  widen by unfolding 

Since both are m o s t l y  greater than 



f’ran a r~ 90°, rather than by s-e addition of fresh 

particles w i t h  maximum flux at a .C 0’. 

FQure 15. ccmparisan 09 the latitude or L praPile of precipita- 

tion far two successive passes at  about the same local 

t-0 W a V S  i l l u s t r a t e  range Of f l U C t U R t i a  Of  

intensities a t  given locatims, and no atteinpt is made 

t o  show the detailed fine structure of precipitation. 

This figure shows that the scnarce must be capable of 

eupplybg precipitation Over both narrow and w i d e  q e s  

of latitude. 

and - 400 km at large L. 

Satellite altitude .C 800 km at L .C 4, 

FQure 16. Samples af precipitated fluxes Over North America in 

January 1963. Each point is as eight-second average aeP 

thirty-two measurements made at half-integral values af 

L. The solid 1lne gives the average flux. This figure 

haws that the source must be a l w a y s  operative near the 

aurolral z m e ,  and yet V&FY in strength by a factor of 

about oew million. 

Figure 17. Illuatratian af relative canstency of precipitation 

over sane ten seconds of‘ t h e  or sane hundred kilaneters 

in distance. XVanhal B/Bo - 1OOO. 
Figure 18. Illustration of large variations in precipitatlm. 

Ccmpare wlth Figure 17, whlch shows data taken about 

Dwo minufes la ter  at  a hlgh latitude. The -0 figures 
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show that the source must be capable of' suskining pre- 

cipitation both extensive and restricted in latitude 

ana/cu time, I ! h h f i l B / 3 ,  - 290. 
F'3gu-e 19. Widespread precipitatim observed a a narthbamd 

and the folluwlq savthbauad pass mer Ifart3 America, 

when the sa-+& tcolr ab& seven minutes between 

successive crrossings of the L = 7.5 shell, This ahows 

that the source nust be able to sustain intease 

precipitatia u n i f o m ~  over sane 75" or abaut 4000 

kilaneters 09 longitude. B/$ - 700-3500, 
pigure 20. Widespread precipitation cibservea on a northbound 

and the fallaving southbound pass over Earth herlca. 

This ahaws that the precipitation vsried erratically 

either v i a  local time or during sane ten minutes of 

reaLtime. CauparewithFigure19. Ntdnal 

B/Bo Y 25O-3OO0, 

Mgure 21, Stme data as l n  eigure 20 replotted to contrast the 

nacWxnmd and sauthbound latitude profiles. 

Intensity of precipitation in tbe range Figure 22. 

6 € L 4 8 versus local time, l h i s  shows that tb 

source must be capable of' ~ ~ ] ~ p l y i n g  large and m a l l  

fluxes &ring the d a y  aad durimg the night. 

- -  

Ibring the 

first three months in orbit the satellite W e  no passes 

over 14arth America between local hams af 1600 tmd 2100. 



Flgure 23. Similar t o  Figure 22 but for the rauge 

8.5 4 L C 11. Similar conclusions can be drawn 

about the source* The flux of trapped electrons m r  

this range shows a very marked diurnal variation 

b e  O'Brien, I-. 

- -  

Figure 24 . Flux of electrons precipitated at L = 6.0 and 

L = 6.5 d u r a  B a n ~ a r y  1963. This shows that pmciplta- 

tion is generally more intense during magnetic starms as 

measured by the planetary magnetic disturbance index K 

When measurements w e r e  made at both values of L an a 

given pass they are shown Joined by a line. 

P*  

~igure 25. BpeMence ca BJB, of the equatorial pitch angle 

a. at 89 equatorial field &re- af Bo gauss of a 

particle which w i l l  mirroa. at a field strength Bm. 

The curve is drawn an the assumption of conservation of 

the magnetic mment of the spiralllxg electron. If' the 

geameepletic f i e l d  were of a centered undistorted dipole 

fonn, B,/Bo - L3. In reality, th i s  I s  invalid for 

L 2 6, 
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